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The authors have developed a high-throughput screening tool that maps out thermoelectric power
factors of combinatorial composition-spread film libraries. The screening tool allows one to measure
the electrical conductivity and Seebeck coefficient of over 1000 sample points within 6 h. Seebeck
coefficients of standard films measured with the screening tool are in good agreement with those
measured by traditional thermoelectric measurement apparatus. The rapid construction of
thermoelectric property diagrams is illustrated for two systems: �Zn, Al�–O binary
composition-spread film on Al2O3 �0001� and �Ca,Sr,La�3Co4O9 ternary composition-spread film
on Si �100�. © 2007 American Institute of Physics. �DOI: 10.1063/1.2789289�

In recent years, there has been considerable interest in
thermoelectric devices for large scale industrial applications,
including all solid-state electric refrigeration, and power gen-
eration from waste heat.1 High efficiency thermoelectric de-
vices require materials with large dimensionless figures of
merit �ZT=S2��−1T, where S is Seebeck coefficient, � is
electrical conductivity, � is thermal conductivity, and T is
absolute temperature�. The quest for efficient thermoelectric
materials continues to be a challenge and has remained an
active area of research. Synthesis of solid solutions is an
efficient approach to improve ZT not only by optimizing car-
rier concentration2 but also by increasing carrier mobility by
lattice deformation3 and reducing thermal conductivity by
the alloying effect.4 Numerous studies on solid solution qua-
ternary or higher component systems �i.e., CeFe4−xCoxSb12,

5

Zr0.5Hf0.5Ni0.5Pd0.5Sn0.99Sb0.01,
6 �Ca,Bi,Sr�3Co4O9,3 and

�Ca,Sr,Ba��Ti,Nb�O3 �Ref. 7�� have been reported. How-
ever, in order to investigate the thermoelectric properties as a
function of composition in these complicated systems, fabri-
cation and measurement based on a one-composition-at-a-
time approach are too time consuming. The composition-
spread approach �a state-of-the-art combinatorial
methodology� is a powerful and efficient technique for
studying multicomponent systems. This method involves
fabricating “film libraries” with continuously varying com-
positions between two or three different materials on a sub-
strate, followed by evaluating the film libraries with high-
throughput screening tools;8–10 without an appropriate high-
throughput screening tool, we would not be able to correlate
material properties with composition.11,12 The development
of a high-throughput screening tool that can evaluate the
thermoelectric power factor �S2��, a preliminary figure of
merit for thermoelectric materials, of composition-spread
film libraries is therefore a critical need. Although there exist
reports in the literature of thermoelectric screening tools, one
is applicable only for bulk samples13 and the other is re-
stricted to measurement of a maximum of ten sample
points.14 The goal of this paper is to report our recent devel-
opment of a high-throughput thermoelectric screening tool

that can be used to measure electrical conductivity and See-
beck coefficient of over 1000 sample points within 6 h, and
to demonstrate rapid construction of thermoelectric property
diagrams.

The thermoelectric screening tool consists of a probe to
measure electrical conductivity and Seebeck coefficient, and
an automated translation stage to move the probe in the x-y-z
directions. Measurements are fully automated by a laptop
computer. The measurement probe consists of four spring
probes, two thermometers, a heater, two insulators �Kapton15

tapes or Al2O3 plates�, and two copper plates �Fig. 1�. To
achieve accurate Seebeck coefficient measurement, a spring
probe is directly placed on each copper plate to ensure low
thermal resistance between the probe and the copper plate.
The other spring probe is attached to the insulator. The four
probes are arranged in a square array, and the distance be-
tween the probes is 1 mm. A thermometer is attached to each
copper plate, but a heater is attached to only one of the
copper plates. The measurement probe and sample stage are
placed inside a protective case to stabilize the temperature of
the probe. Electrical conductivity is measured by the conven-
tional four-probe method by placing four spring probes on
the sample, sending a fixed current through two probes, and
measuring the voltage across the other two. The Seebeck
coefficient is defined as the ratio of voltage ��V� and tem-
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FIG. 1. �Color online� Schematic diagram of measurement probe to measure
electrical conductivity and Seebeck coefficient.
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perature ��T� at two points. �V is obtained by holding one
probe at temperature T, heating the other to T+�T, and mea-
suring the voltage across the two. It takes 20 s to measure
both the electrical conductivity and Seebeck coefficient for
each sample point. Thus, we can measure electrical conduc-
tivity and Seebeck coefficient for over 1000 sample points
within 6 h. The detailed measurement procedure will be de-
scribed in another paper.16 In this paper, all Seebeck coeffi-
cient measurements were conducted at room temperature and
at �T=4.1 K.

In order to estimate the accuracy of our screening tool,
we compared the Seebeck coefficients of several bulk and
film samples using our screening probe and a traditional one-
measurement-at-a-time system �physical property measure-
ment system �PPMS�, Quantum Design,15 with a thermal
transport option at room temperature�. As seen in Fig. 2,
measurements using these two instruments are in excellent
agreement. The inset of Fig. 2 shows the �V of a
Zn0.98Al0.02O film as a function of �T. The trace fits well to
a linear function and the offset is insignificant. These results
suggest that the scanning probe is reliable and is sufficiently
accurate as a screening tool for Seebeck coefficients of com-
binatorial samples.

We demonstrated the high-throughput screening of See-
beck coefficient and electrical conductivity using binary �Zn,
Al�O and ternary �Ca,Sr,La�3Co4O9 composition-spread
films. The composition-spread films were fabricated with a
pulsed laser deposition system by the continuous-
composition-spread technique.10,17 To fabricate the �Zn,
Al�–O binary composition-spread film, a ZnO film was first
deposited by ablation of a ZnO target using a KrF excimer
laser at 800 °C with an oxygen pressure of 13 Pa on a
50 mm Al2O3�0001� wafer. The resulting film had a thick-
ness distribution, the center of which is away from that of the
substrate. The thickness at the center of the thickness distri-
bution corresponded to 1 ML of ZnO. The substrate was then
rotated 180° and a Zn0.98Al0.02O film was deposited.
This process was repeated a few hundred times to obtain a

composition-spread film of appropriate thickness �more
than 200 nm� for thermoelectric measurements. The
�Ca1−x−ySrxLay�3Co4O9 ternary composition-spread film
was fabricated using Ca3Co4O9, �Ca2Sr�Co4O9, and
�Ca2La�Co4O9 targets at 750 ° ,C with an oxygen pressure of
80 Pa on a 75 mm Si �100� wafer.

To estimate the composition and the total thickness of
the composition-spread film, reference single layer films of
the constituents of the above compositional spread films �i.e.,
�Zn, Al�–O, ZnO, Ca3Co4O9, �Ca2Sr�Co4O9, and
�Ca2La�Co4O9� were fabricated under the same conditions as
those of the composition-spread films. Since the electrical
resistance of a thin film is inversely proportional to its thick-
ness, the relative thickness for each point of a single layer
film can be evaluated by the four-probe method with the
screening tool. The thickness of the thickness center was
measured by a wet-etching technique and by an atomic force
microscope. From the thickness distributions of all single
layer films, we can estimate the composition and the total
thickness of the composition-spread film.17

Figures 3�a� and 3�b� give the electrical conductivity and
Seebeck coefficient of the �Zn1−x ,Alx�–O composition-
spread film measured by the screening tool. As the Al content
increases, the electrical conductivity also increases, while the
absolute value of Seebeck coefficient decreases. This trend is
consistent with that previously seen for Al-doped ZnO bulk
samples.18 In general, as the carrier concentration increases
in a material, the electrical conductivity increases, while the
Seebeck coefficient decreases. We also found that electrical
conductivity of the film is higher, and the absolute value of
Seebeck coefficient is lower than those of bulk samples.18

This result may be caused by carriers generated by oxygen
vacancies. In order to estimate the run-to-run consistency, we
repeated the same measurement on the same sample three
times �Fig. 3�b��. The results indicate that the run-to-run con-
sistency is sufficient for screening of combinatorial samples.

Figures 4�a� and 4�b� illustrate the electrical conductivity
and Seebeck coefficient of the �Ca1−x−ySrxLay�3Co4O9 ter-
nary composition-spread film measured with the screening

FIG. 2. �Color online� Comparison between Seebeck coefficients measured
on several samples, including bulk and film, with our screening tool and a
thermal transport option of physical property measurement system �PPMS�.
The bulk samples are gold foil, polycrystalline Zn0.98Al0.02O, and polycrys-
talline Ca3Co4O9. The film samples fabricated by pulsed laser deposition are
gold film, Ca3Co4O9 film, and two Zn0.98Al0.02O films grown at 1.3 and
13 Pa. Broken line indicates Seebeck coefficients measured by the screening
tool and PPMS are identical. �Inset� �V of a Zn0.98Al0.02 film fabricated at an
oxygen pressure of 1.3 Pa as a function of �T.

FIG. 3. �Color online� �a� Electrical conductivity and �b� Seebeck coeffi-
cient of Zn1−xAlxO�0.005�x�0.015� composition-spread thin film as a
function of x. Data sets obtained for the same sample three times are plotted
in different symbols for estimation of the run-to-run scatter.
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tool. It is seen that as one substitutes La3+ for Ca2+, the
electrical conductivity decreases and the Seebeck coefficient
increases. This is because substitution of trivalent La3+ for
divalent Ca2+ is expected to decrease the hole
concentration.19 On the other hand, substitution of Sr2+ for
Ca2+ leads to an increase of electrical conductivity and an
insignificant change of the Seebeck coefficient. This is be-
cause the substitution of a larger divalent Sr2+ cation for a
smaller divalent Ca2+ cation would not change the carrier
concentration, but would effect the carrier mobility via lat-
tice deformation.3 We note that our Ca3Co4O9 films on Si
�100� wafers have lower Seebeck coefficients than the litera-
ture reported values.20 This difference may be attributed to
nonstoichiometry of the film. The power factor �S2�� of the
�Ca1−x−ySrxLay�3Co4O9 ternary composition-spread film is
also depicted as a conventional ternary diagram �Fig. 4�c��. It
is clear that the power-factor data peaks between the Sr-rich
region and the La-rich region. This result is logical since
electrical conductivity is high in the Sr-rich region, and See-
beck coefficient is large in the La-rich region.

The current configuration of our screening tool gives rise
to three limitations. First, it is difficult to measure materials
with low �i.e., �10−1 �� cm�−1 for a 200 nm thin film� elec-
trical conductivity and low ��5�V/K� absolute value of
Seebeck coefficient due only to limitations of the homemade
current source and voltage meter. Although these limitations
do not hamper our ability to screen thermoelectric materials,
we could extend our measurement capability by upgrading
those two components. Second, the spatial resolution of our
screening tool is about 1 mm, corresponding to the distance
between two spring probes. If the electrical conductivity of
the sample drastically changed over a very short length scale,
measurements at a sample point might be affected by its
neighbors. Patterning of the continuous library films into dis-
crete dots could solve this problem. Third, measurements can
be carried out only at room temperature at present. We plan
to develop a modified probe that is capable of high tempera-
ture �up to 500 °C� measurement.

In conclusion, we demonstrate that a ternary thermoelec-
tric power-factor diagram can be obtained from only one
composition-spread film library within 6 h of measurement
using our screening tool. This versatile screening tool, in
addition to applying to oxide composition-spread films pre-
pared by the combinatorial pulsed laser deposition method,
can also be applied to metal or semiconductor composition-

spread films fabricated by sputtering21 or molecular beam
epitaxy.22 We believe that the combination of the thermoelec-
tric screening tool and the composition-spread method will
enable the acceleration of thermoelectric research.
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FIG. 4. �Color online� �a� Electrical conductivity, �b� Seebeck coefficient, and �c� power factor of the composition-spread �Ca1−x−ySrxLay�3Co4O9 film
�0�x�1/3 and 0�y�1/3�.
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